Femtosecond laser fabrication has been used to make hybrid refractive and diffractive micro-optical elements in photo-polymer SZ2080. For applications in micro-fluidics, axicon lenses were fabricated (both single and arrays), for generation of light intensity patterns extending through the entire depth of a typically tens-of-micrometers deep channel. Further hybridisation of an axicon with a plasmonic slot is fabricated and demonstrated numerically. Spiralling chiral grooves were inscribed into a 100-nm-thick gold coating sputtered over polymerized micro-axicon lenses, using a focused ion beam. This demonstrates possibility of hybridisation between optical and plasmonic 3D micro-optical elements. Numerical modelling of optical performance by 3D-FDTD method is presented.
INTRODUCTION
Hybridization of materials with different optical properties (e.g. photonic and plasmonic) is the new frontier to build nano-optical elements with precisely tailored diffractive, lensing, and dispersive features. Femtosecond laser processing has been applied to the fabrication of hybrid materials, containing metal or semiconductor nanostructures, that have shown intense two-photon fluorescent properties, for applications in optical sensors and photonics. 1 Cloaking by smart metamaterials has been obtained by using hybrid elasto-electromagnetic metamaterials, so that the metamaterial device not only transforms the electromagnetic fields making the object invisible, but also acquires the desired properties automatically, due to the elastic deformation it is subject to.
2
The use of hybrid multilayer structures combining different functionalities also allows the development of active plasmonics, magneto-plasmonics, acousto-plasmonics and the generation of high-energy photoelectrons using ultrashort surface plasmon-polariton pulses.
3
Focused ion-beam milling over arrays of nano-particles has been recently demonstrated 4 and shows a principle applicable for fabrication of arrays of high-fidelity and quality nano-structures. For centro-symmetric lenses and axicons, a chiral groove inscription has to be perfectly centred and this can be achieved by the demonstrated principle, now applied to a non-flat 3D optical element (shown in Fig. 1 ). The functionality of the 3D chiral groove over an axicon lens was numerically investigated by 3D-FDTD method: the near-field distribution is analysed for bright and dark spots, which are characterized for trapping force and stiffness through a custom developed Lorentz force formalism. • . The lenses are 38 µm in diameter at the base and 32 µm in height from base to tip.
FABRICATION
The manufacturing of 3D polymeric microstructures (in Figs. 1 and 2 ) was performed by direct laser writing (DLW). 5 Hybrid refractive and diffractive micro-optical elements were fabricated with a femtosecond laser in the hybrid organic-inorganic photo-polymer SZ2080.
6 DLW was performed using the second harmonic (λ = 515 nm) of the Yb:KGW "Pharos" laser (Light Conversion, Ltd.), with a laser power of 70 µW at a 200 kHz repetition rate.
7 All the samples were scanned at 200 µm/s speed, using Aerotech linear stages (assembled by Altechna R&D, Ltd.), which resulted in an overlap of approximately ∼100 pulses over the focal spot which had diameter d = 1.22λ/N A = 450 nm, focused with an objective lens of numerical aperture N A = 1.4. To the resist SZ2080, The photo-polymer was drop-casted and dried for 1 h at 95
• C, and then used for the laser structuring of the outside shells of axicon lenses; after DLW, the development was carried out in pure 4-methyl-2-pentanone for 1 h. . E-field intensity log-scale plot on the xz-plane cross-section of the milled axicon with a period of 1260 nm, excited by x-polarized light at 1380 nm wavelength. The two red boxes mark the integration volumes V for momentum calculation in the dark spot (higher) and bright spot (lower). The inset shows the 3D geometry of the milled groove on the gold-coated axicon.
After development, UV-light flooding of the sample was performed, to polymerize the remaining SZ2080 inside the formed axicon shells. More details on the resist composition and properties can be found elsewhere. 8 Laser structuring of SZ2080 with Irg at 515 nm corresponds to the conditions of maximum two-photon absorption (TPA) and smallest non-linear refractive index n 2 .
8 Indeed, the DLW wavelength of 515 nm multiplied by the factor x = 0.7 (wavelength ratio where the maximum TPA is expected) is close to the maximum of photoluminescence corresponding to the direct (one-photon) absorption process: 0.7 × 515 = 360 nm.
8
It is instructive to estimate the irradiance at the focal spot for the typical conditions in which high quality 3D structures that were made. For the typical E p = 0.5 nJ, the irradiance per pulse (assuming a Gaussian temporal profile) is
2 ) = 2 TW/cm 2 , where the pulse duration is t p = 300 fs. This corresponds to a pre-breakdown condition in transparent dielectrics.
The ion-beam lithography (IBL) unit IonLiNE from Raith was used to design and mill ∼100 nm width nanogrooves on complex 3D surfaces of laser polymerized micro-optical elements. The sapphire wafer was sputter coated by magnetron (AXXIS, Kurt J. Lesker Ltd) with 100 nm of gold, for surface charge removal before milling. Ga-ions fabrication was performed at 35 kV acceleration voltage and 31.5 pA beam current. The groove width on the axicon surface varied between 50 and 200 nm, the beam step size was 10 nm, and the dose varied from 22 to 28 mC/cm 2 .
MODELING
The coated and milled axicon is modeled with 3D-FDTD method using the Lumerical software (FDTD Solutions). The axicon is modeled as a perfect cone with refractive index n = 1.504, base diameter 10 µm (reduced with respect to the sample to fit memory and time constraints), base angle 15
• . Due to the staircase approximation inherent in the FDTD mesh, the cone tip is not perfectly sharp, but can be approximated by a rounded geometry of approximate radius 4 µm, similar to the fabricated axicon.
The milled two-arm Archimedean spiral rotates counterclockwise from the center to the outer rim and starts 300 nm from the axicon tip. It has a period of 1260 nm, on a gold layer of thickness 100 nm, with a groove width of 300 nm. The 3D geometry, shown in the inset of Fig. 3 , is embedded in a domain of size 30 × 30 × 30 µm 3 , placed on a glass surface and radiating in air, and excited from the glass side by a Gaussian beam of diameter 9 µm, for different polarizations (x-linear, left-hand and right-hand circular). Due to the size of the domain, the source bandwidth between 400 and 1400 nm is split in two different simulations. The material refractive indices -10 are taken from published experimental spectra 9 and fitted with a multi-coefficient polynomial model in the time domain.
In order to calculate momenta and Lorentz forces numerically, and especially when taking numerical derivatives of the calculated electric and magnetic fields, it is necessary to consider that in the FDTD method, each field component is calculated in a different point of the Yee cell. As we recently showed, [10] [11] [12] an interpolation scheme is necessary to estimate the fields at boundaries. The linear momentum p and the angular momentum L are calculated by numerical integration on the volume V:
where E and B = µ 0 H are the complex vectors for the calculated fields, and r = (x, y, z) is the position vector addressing the elementary volume dv.
RESULTS
A dark spot (where the field intensity drops by two orders of magnitude) is found for x-linear polarization, as shown in Fig. 3 ; the spot is around 500 nm wide at 10 µm distance from the axicon tip, for 1380 nm wavelength (10% higher than spiral period), so rescaling is required to bring the wavelength down to the 633 nm wavelength of popular He-Ne laser. No spot of comparable field intensity drop is found for circular polarization excitation. The linear and angular momentum of the beam was calculated by integrating around two positions indicated by the red boxes in Fig. 3 , on domains of 3 × 3 × 3 µm 3 volume.
The results for the dark spot are shown in Fig. 4 , where at 1380 nm the linear momentum is directed upwards and has a value of 2 · 10 −38 Ns, decreasing with wavelength. The angular momentum components are shown in Fig. 4(b) , revealing negligible values around the x-and y-axes, compatibly with the numerical noise floor. An angular momentum of 6 · 10 −46 Nms is calculated in clockwise direction around the z-axis, opposite to the spiral handedness.
The results for the bright spot underneath the dark spot are shown in Fig. 5 , where at 1380 nm the upward linear momentum is slightly higher at 2.5 · 10 −38 Ns, and remarkably the angular momentum is negligible around all three axes, thus tailoring the angular momentum in such a localized volume might be useful for fine control of torque transferred optically to a dielectric particle confined in this volume.
DISCUSSION
The importance of the proposed gold-coated axicon lenses for the development of nano-optics will now be framed by an overview of results obtained in optical element hybridization. In this context, plasmonic lenses for the purpose of superfocusing and subwavelength imaging have been researched. 13 A recently proposed lens, made of two hyperbolic metamaterials with different signs in their dielectric tensor, has shown to break the optical diffraction limit with a resolution power of λ/6, using a radially polarized light source.
14 Plasmonic hybrid sensors have been made with a micro-axicon dielectric lens and a single metallic nanoparticle. The dielectric lens produces a Bessel-like beam of light at its apex under plane wave excitation, confining light in a narrow low-divergence intense beam. 15 A hybrid spiral plasmonic lens, consisting of an alternation of spiral slot and spiral triangular sub-aperture array, has been used to differentiate the opposite handedness of circular polarizations and build a miniaturized circular polarization analyzer. 16, 17 A switchable hybrid grating lens array, using a nanophotonic device fabricated from multiwall carbon nanotubes and liquid crystals, has been shown to combine diffraction, lensing, and dispersion. 18 Our case is the first to the best of our knowledge to propose the hybridization of two full-3D structures (polymerized axicon and IBL-milled plasmonic spiral) made of different materials and with completely different fabrication methods, for the purpose of tailoring field distribution and momentum transfer in the far field.
Inscription of the various nanoscale patterns into microscale optical elements opens new ways to explore the possibilities of accurately controlling the light flow. Combination of the two different technologies (direct laser writing of photopolymers and ion beam milling) leads to the fabrication of the novel elements which inherits both optical and plasmonic effects. Furthermore, interconnection of the these technologies enables to manufacture true 3D microstructures with the nanofeatures. To produce the same structure using only DLW or FIB would be impractical from the technological point of view in terms of the achievable spatial and lateral resolution (in case of DLW) and long fabrication time (in case of FIB). Hybridization by means of different materials, fabrication resolution, geometry and physical manufacturing process (DLW -additive approach and FIB -material removal) allows the investigation of a wide range of applications in different interdisciplinary fields of physics.
Such hybrid optical elements are expected to be useful for micro-/nano-trapping applications including selfinduced back-action trapping, [19] [20] [21] [22] [23] [24] [25] [26] they are easily integrable into micro-fluidic chips 12, 27, 28 and can be made on different substrates. 
CONCLUSIONS
Hybrid photonic-plasmonic full-3D optical elements have been created for the first time by combination of DLWfabricated polymerized axicon micro-lenses and FIB-milled spiral grooves on gold layer deposited on top of the axicon. The combination of elements is excited by linearly polarized light and shows the ability to rearrange light momentum, by impressing an angular momentum on the transmitted photons. Simulation results show the formation of a dark trapping spot and also a peak spot in the near field at around 10 µm distance above the lens, where the transferred angular momentum is opposite to the spiral handedness.
